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a b s t r a c t
To measure β-decay energies (Qβs) of neutron-rich nuclei far from the β-stability line, we have improved
upon the previously described total absorption detector, composed of a clover Ge detector
(80 mmϕ90 mmL4 crystals) and 4π BGO Compton suppressors. This detector can directly determine
the Qβ from the end-point of the measured spectrum. Nuclei of interest such as new isotopes have Qβ
values over 4 MeV; therefore, high detection efﬁciencies are needed. This total absorption detector has a
through-hole (alongside its vertical axis) at the center of the four Ge crystals, and the radioactive sources
can be placed in this hole to measure the total absorption spectrum. The β- and γ-rays are absorbed by
the detector with almost 4π geometry while escaping radiations from the Ge detector can be detected by
the 4π BGO Compton suppressors. We also developed a practical analytic procedure based on the folding
method, in which response functions of γ- and β-rays were considered with an assumed decay scheme.
The systematic uncertainty of the deduced Qβs was evaluated to be 730 keV using 18 ﬁssion products
whose Qβ values were precisely measured. With the detector and an on-line mass separator, we have
determined the Qβ values of
166Eu and 165Gd for the ﬁrst time, and have proposed more precise Qβ values
for 160–165Eu and 163Gd than previously found. Owing to the especially good energy resolution of the
detector, the isomeric state in 163Gd was also successfully observed for the ﬁrst time through end-point
analysis and analysis of the observed γ-rays. This result contributes to the determination of reliable Qβ
values for 163Gd and 163Eu.
& 2014 The Authors. Published by Elsevier B.V.
1. Introduction
Experimentally measured β-decay energy values (Qβ values)
provide valuable information to improve the accuracies of atomic
mass tables. Those for new isotopes in the neutron-rich region are
particularly interesting, because they provide opportunities to
extend our knowledge concerning the dripline, the r-process path,
the structures of deformed nuclei, and mass formulas. We focused
attention upon the nuclei with mass numbers around 160, because
in this region, the lack of experimental data causes a decrease in
the accuracy of predictions of the atomic mass. In cases where the
accuracy of deduced Qβs is around 100 keV, the data can be used to
test the ability of atomic-mass predictions [1]. If more precise data
were available, they would be useful for discussing the nuclear
structures of unknown nuclei.
The β–γ coincidence method is conventionally used to deduce
Qβ from the β-decay [2–5]. In this method, Qβ can be determined
accurately from the maximum β-ray energy and the energy of the
gated γ-ray on the basis of the reliable decay scheme. It is,
however, difﬁcult to apply the method to deduce the Qβ of
unknown nuclei because of the low detection efﬁciency of this
method and insufﬁcient information about the decay scheme. In
order to measure the masses of new isotopes efﬁciently and
accurately, we focused attention on the detection technique using
the total absorption detectors.
The total absorption detector can deduce Qβswithout information
about the decay scheme, because the endpoint of a total absorption
spectrum directly shows the Qβ. This means that the detection
efﬁciency is much higher (approximately a hundred times) than that
of the β–γ coincidence method. In previous works, we developed two
different total absorption detectors [6–9]. One is a total absorption
BGO detector [6–8], which has high efﬁciencies up to 10 MeV
for both β- and γ-rays. Using the detector, Qβs of about 20 nuclei
have been measured with accuracies of approximately 60–200 keV.
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The drawback of this detector was lower energy resolution. To
deduce more accurate Qβs, we developed another total absorption
detector composed of a Ge detector having a through-hole and a BGO
Compton suppressor [9]. It was found that this detector could deduce
the Qβs of ﬁssion products with better systematic uncertainties than
the previous BGO detector by virtue of the Ge detector's high-energy
resolutions. At the same time, a drawback was found in this detector,
also: namely, the size of the Ge crystal volume was limited by the
manufacturing technology, and the Compton suppressors did not
fully cover the Ge detector. Therefore, the efﬁciency of this detector
was not so large. We improved the detector based on these agendas.
The main part of the improved total absorption detector is
composed of four closely-arranged leaf Ge detectors (a clover Ge
detector) in order to achieve both high-energy resolutions and
high efﬁciencies. The idea and technique of the clover Ge detector
was reported by Duchêne et al. [10]. Their intentions were to
measure the Doppler broadening of γ-rays and to use a Compton
polarimeter. For our purposes, a through-hole for the placement of
samples was bored into the center of the clover Ge detector.
The technique of the total absorption spectrometer (TAS) has
been introduced elsewhere [11–14]. These reported detectors have
consisted of large scintillation detectors in order to absorb cascade
γ-rays totally. These detectors were successful in deriving the β-
branching ratio (Iβ). In addition, some valuable analytic procedures
such as pile-up reductions [15] and simulations of response
functions [16] were developed for their use. The concept of our
detector is, however, different from those of the previous detec-
tors. We measured the sum of the β- and γ-rays to deduce Qβ from
the endpoint analysis of the sum spectra.
In this paper, we describe the performance of an improved total
absorption detector as well as the newly measured Qβ values of
neutron-rich nuclei. Section 2 discusses the detector's speciﬁca-
tions and response functions for γ-rays and mono-energetic
electrons as the basics of the analytic procedure. Section 3
describes the experimental details. In Section 4, we proposed a
much more reliable procedure for deducing accurate Qβs than the
conventional root plot methods adopted in the previous work; our
procedure is based on the folding method [9]. Section 5 describes
comparisons between the previous detectors and the present one.
2. Speciﬁcation of the total absorption clover detector
2.1. Detector construction
Fig. 1(a) shows a schematic drawing of a total absorption
detector. The clover Ge detector, which is the main part of the
total absorption detector, is composed of four n-type Ge crystals
closely arranged as a four-leaf clover. Each Ge crystal has a
diameter of 80 mm and a length of 90 mm, identical in size to
the former total absorption detector [9]. The distances between
the central axis of any Ge crystal and those of the two adjacent
ones are 67 mm, and its axis-to-axis distance to the opposite
crystal is 95 mm. The overlapping portions of the crystals are cut,
and the crystals are attached as closely as possible in an electri-
cally isolated condition. The outer side of the four Ge crystals is
earth connected. A high voltage of 5 kV is independently supplied
for each Ge crystal. The inner electrode is placed at the coaxial
center, and positive energy pulses are led out. These four Ge
crystals are covered together with an aluminum housing. The
housing has a diameter of 196 mm and a length of 165 mm, with
side and top thicknesses of 2 mm and 3 mm, respectively. In the
Fig. 1. A schematic view of the total absorption clover Ge detector and the tape transport system.
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center of the Ge array, there is a through-hole having a diameter of
23 mm. The aluminum housing of this hole has a diameter of
15 mm and a thickness of 0.4 mm. The space between the
through-hole of the Ge array and aluminum housing is a vacuum
region. The clover Ge detector is mounted in a multi-orientation-
type Dewar vessel (11 L).
The whole surface of the clover Ge detector is covered with ﬁve
BGO Compton suppressors: two on the top, two on the sides, and
one on the bottom. The thickness of these BGO scintillation
detectors is 30 mm. The energy signals from each detector are
led out by 24 photomultiplier tubes (PMTs). A high voltage is
independently supplied to each photomultiplier tube so as to
adjust the pulse heights of 1369, 2754, and 4123 (¼1369þ2754)
keV γ-rays from 24Na. The energy resolutions of the top, side, and
bottom BGO detectors are 17%, 25%, and 26%, respectively, for the
661 keV γ-ray. In the center of the top and bottom BGO detectors,
there is a through-hole with a diameter of 20 mm.
Fig. 1(a) also shows the experimental arrangement around the
detector, and Fig. 1(b) shows photograph of the experimental set
up. We introduce an aluminized Mylar tape through the differ-
ential pumping chamber, BGO detector and clover Ge detector.
Here, radioactive isotope beams provided by an on-line isotope
separator (ISOL) were collected on the Mylar tape in a differential
pumping chamber. Then, the implanted radioactivities are trans-
ported to the center position in the through-hole, and the β- and
γ-rays are absorbed by the clover Ge detector. The BGO suppres-
sors serve a function in the measurement of the total absorption
spectrum: namely, to detect escape radiations from the clover
detector.
2.2. Data acquisition system
The preampliﬁer outputs of the four Ge crystals and 24 PMTs of
BGO scintillation detectors were independently put into a VME-
based data acquisition system (DAQ) [17]. These signals were
digitally processed, and information about pulse heights and fast
timings was registered in an event-by-event mode (list data).
The list data were analyzed by the sorting program. First, an
energy calibration curve for each Ge crystal was made, and the
recorded channel numbers of the list data were then corrected so
as to reproduce a certain standard, for example, energy¼1.0
channel. We measured 152Eu, 56Co, and the capture γ-rays of 36Cl to
calibrate the energy of the detectors up to 9 MeV. Second, an ‘add-
back spectrum’, which was deﬁned as the sum of the energy
events of the four Ge crystals, was made based on the timing
information between the Ge crystals; we deﬁned a series of events
within a time range of 5 μs as a coincidence. Third, a ‘coincidence-
sum spectrum’, which was deﬁned as the add-back spectrum
coinciding with some of the BGO detectors, was obtained. This
coincidence sum spectrum included the events caused by escape
radiations of Compton scatterings and/or Bremsstrahlung photons.
Finally, a ‘total absorption spectrum’ was derived by subtracting
the coincidence spectrum from the add-back spectrum.
2.3. Response of the detector
2.3.1. Efﬁciency for γ-rays and evaluation of coincidence summing
effect for γ-rays
To evaluate the detector performance, the detection efﬁciency
for γ-rays, probabilities of coincidence summing of γ-rays,
response for mono-energetic electrons, and ﬁnally, summing
probability of β- and γ-rays, were investigated.
Fig. 2 shows the full-energy γ-ray peak efﬁciencies of Ge
detectors. Solid circles show the experimental values of 203Hg,
137Cs and 54Mn. The solid and broken lines show the efﬁciencies of
the present detector (clover Ge) in the add-back mode and the
previous detector (through-type Ge) [9], respectively. These efﬁ-
ciency curves were obtained by the Monte-Carlo simulation code
GEANT4 (ver. 4.7.1) [18]. The simulated efﬁciency curves were
rescaled by multiplied a factor of 0.85 so as to agree the experi-
mental data. For the 5-MeV γ-ray, the efﬁciency of the present
detector was approximately 15%, which is 2.5 times larger than
that of the previous detector. This means that the present detector
is advantageous for absorbing high-energy γ-rays. These results
are summarized in Table 1.
For the total absorption detector, the cascade γ-rays were added
together, and the crossover γ-rays were summed with β-rays,
resulting in the total absorption event. It is important how much
Compton scattering components are reduced in the spectrum.
The responses of γ-rays of the EC-decay nucleus are shown in
Fig. 3. Fig. 3(a) shows the measured spectrum of 54Mn. The thin
solid and broken lines show add-back and coincidence sum
spectra, respectively. Events corresponding to the full-energy
absorptions were observed in a peak at 835 keV. In order to make
a spectrum consisting of the totally absorbed events, the other
parts were subtracted from the add-back spectrum. By subtracting
the coincidence-sum spectrum from the add-back spectrum, a
total absorption spectrumwas made. Here, in order to consider the
efﬁciencies of coincidence, a factor was multiplied to the coin-
cidence spectrum. The appropriate multiplying factor was
deduced to be 1.25. This factor was experimentally derived by
measuring γ-ray sources of 54Mn (Fig. 3(a)), 137Cs, 60Co, and 88Y
(Fig. 3(b)). The energy dependence of the factor was negligibly
small, and the rough estimation to determine the factor was
enough for the Qβ analysis (see chapter 4). Using the previous
Fig. 2. Full-energy peak efﬁciencies of γ-rays. The solid and broken lines show the
efﬁciencies of the clover Ge and of the through-type Ge detectors, respectively.
Closed circles indicate experimentally measured data, and the solid and broken
lines show simulated efﬁciencies. The efﬁciency for a 5-MeV γ-ray was about
2.5 times that of the previous detector.
Table 1
Comparisons of speciﬁcations of the total absorption detectors.
Detector Efﬁciencya Energy
resolutionb
Systematic
uncertainties
for Qβ determination
(keV)
γ-Ray
(%)
Electron
(%)
Clover Ge 15 72 3 keV 730
Through-type
Ge
6 60 3 keV 730
BGO 60 89 100 keV 760
(10%)
a Efﬁciencies for energies of 5 MeV radiations were presented.
b Energy resolutions for 1 MeV γ-rays were presented.
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through-type Ge detector [9] having an annular Compton sup-
pressor with a thickness of 25 mm (the upper and lower parts
were not covered), we proposed the subtraction of the coincidence
spectrum. In this case, we used a factor of 1.4. Because the solid
angle of the Compton suppressor was improved, the factor of the
present detector was improved. We consider that an experimen-
tally achievable good value is around 1.25, because some scattered
γ-rays are absorbed by the structural objects in the Ge detector,
and some scattered γ-rays penetrate the BGO detector even if a
sufﬁcient-thickness (5 cm) BGO detector is used. The thick line
in Fig. 3(a) shows the experimentally deduced total absorption
spectrum of 54Mn; for easier comparing, we plotted the total
absorption spectrum being slightly shifted to a higher-energy
region. In this case, the Compton continuum was sufﬁciently
reduced to be below 1/103 except for the back-scattering peak
and multi-Compton part. Fig. 3(b) shows the response for cascade
γ-rays of 88Y. In the case of cascade γ-rays, the total absorption
spectrum was obtained by the same procedure as with 54Mn:
namely, a coincidence-sum spectrum multiplied by a factor of 1.25
was also subtracted from the add-back spectrum. In the total
absorption spectrum, full-energy absorptions of a 2734-keV peak
were enhanced and the Compton continuum was reduced to be
below 1/103. The peaks of 898 keV and 1836 keV appeared by the
escape photons of 1836 keV and 898 keV from the Ge and BGO
detectors, respectively. The intensities of these peaks were small
compared with the full-energy absorption.
2.3.2. Response of mono-energetic electrons for analysis of spectrum
Fig. 4 shows response functions of mono-energetic electrons in
the energies of 2, 4, 6 and 8 MeV. These response functions were
generated by GEANT4 [18]. The response functions of the electrons
are complicated. The energy straggling in the aluminum housing,
the multi-scatterings in the through-hole, the cross-talk between
Fig. 3. Demonstration of subtracting of Compton scattered γ-rays. (a) And (b) show the ﬁndings for 54Mn and 88Y, respectively. The thin solid and dashed lines show add-
back and coincidence sum spectra, respectively. The thick line indicates a reconstructed total absorption spectrum; namely, this spectrum was obtained using the
coincidence sum spectrum and the add-back spectrum. In the total absorption spectrum, the full energy absorption events are enhanced compared with the Compton
continuum.
Fig. 4. Response functions of mono-energetic electrons. Simulated data are plotted
by open circles, and ﬁtted functions are indicated by solid lines. For the function of
8 MeV, the ﬁtted function and its three components are represented: i¼1 shows
the peak component, i¼2 and i¼3 show tail components. The inset shows a close-
up view around the peak. The FWHM of the peak component was about 70 keV.
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the four Ge crystals, and the escape photons of Bremsstrahlung
effects are superimposed with the full energy absorbed events. We
reproduced the response functions by means of ﬁtting with the
combination of three simple functions as an approximation. In
Fig. 4, the solid line shows a ﬁtted response function of 8 MeV and
the dashed lines show three components of the function; i¼1
means the peak components, and i¼2 and 3 mean two tail
components. The former tail component is considered to be
mainly based on the escape photons of the Bremsstrahlung effects.
The latter tail component is considered to be based on the multi-
scatterings in the aluminum housing and the cross-talks between
the four Ge crystals. Each component is described by the following
equation:
Fi½E ¼
Ai;1
Exp½Ai;2ðEAi;3ÞþExp½Ai;4ðEAi;5Þ
ð1Þ
where Ai,1 to Ai,5 are the parameterized numbers which are
determined by the energy of the incident electrons, and a sub-
script of i (¼1,2,3) indicates different three functions. The ﬁttings
were carried out for the response functions of 1–10 MeV, and then
we determined 15 energy-dependent parameters, Ai,1 to Ai,5
(i¼1,2,3). In this way, we could reproduce well the response
function of mono-energetic electrons.
The effects of straggling and energy loss were well reproduced
by the peak component. As shown in the inset of Fig. 4, the full
width at half maximum (FWHM) of the peak component was
approximately 70 keV. The energy of incident electrons in the
aluminum housing was reduced via ionization and radiation
(transformation into photons). The effect of the energy loss by
the ionization was represented as a peak shift of the i¼1
component, and the energy loss by the radiation is shown with
the quantities of i¼2, 3 components. The ﬁtted function was in
agreement with the simulated value within about 10%.
Fig. 5 shows the efﬁciency of the peak components. Solid and
broken lines indicate those of the present (clover Ge) and of the
previous (through-type Ge) detectors, respectively. For the mono-
energetic electrons of 5 MeV, the efﬁciency of the present detector
was approximately 72%, which is 1.2 times larger than that of the
previous detector. These results are also summarized in Table 1.
2.3.3. Summing effect of the β- and γ-rays
In principle, the measured spectrum will show the β-ray
spectrum in which the spectrum was shifted to a higher energy,
summed with the γ-ray energy. Here, assuming that the β-decay
nucleus having β- and γ-rays is measured, we explain the total
absorption spectrum of the β- and γ-rays.
The obtained total absorption spectrum is composed of the
following three components: (a) the sum of the β-rays and γ-ray
peaks, (b) the β-rays (the γ-rays had escaped), and (c) the γ-ray
peaks (the β-rays had been absorbed before entering the detector
or had escaped). In order to analyze Qβ, we focused attention on
the totally absorbed β- and γ-ray events as an analyzing region
(ROI); namely, component (a) was important. In the ROI, compo-
nent (a) was intensively observed in the energy region between
the endpoint of the spectrum and the highest energy γ-ray peak,
and components of (b) and (c) did not affect the analysis
practically. In the following sections, the way to measure spectra
of ﬁssion products and the analytic procedure were described.
3. Experiment
In order to evaluate the detector performances, nuclei of 92–95Y,
88,91–94Rb, 138–142Cs, 139Ba, and 142–144La, which have precisely mea-
sured Qβ values between 2.5 and 10.3 MeV, were measured. These
nuclei were produced with the proton-induced ﬁssion of 238U and
separated by an on-line mass separator (ISOL) [19–21] installed at the
tandem accelerator facility of the Japan Atomic Energy Agency (JAEA).
Protons were accelerated to Ep¼32MeV (24MeV on target) with a
beam current of 200 nA1 μA. A uranium (natU) carbide target with
thicknesses of 600–670mg/cm2 was irradiated. This target was
mounted within a surface-ionization-type ionizer. Fission products
with 238U(p, f) reactions were diffused from the target as metallic ions
and were accelerated. Then, the nuclei of interest were mass-
separated by the ISOL with a mass resolution of 900 and were
transported to an experimental room. The ion source was located in
a room shielded by concrete, and the source was about 10 m distant
from the experimental room.
In the experimental room, the collected nuclei were rapidly
transported to the center of the detector using a tape transport
system (see Fig. 1). Transportations were carried out periodically to
obtain good statistical accuracies. The typical tape cycle of collections
and measurements was set to approximately twice the half-life of the
nuclide of interest. The detector was covered with lead blocks
(thickness of 10 cm) and 10%-boron-included-polyethylene blocks
(thickness of 10 cm) to shield the detector from background γ-rays
and neutrons from the ion source, respectively. Background γ-rays
were approximately 50 cps (for each Ge crystal). The counting rate of
each Ge crystal was kept below 2 kcps to reduce random pulse pile-up
signals. The measuring time was several hours for each nuclide.
Moreover, neutron-rich isotopes of 160–166Eu and 163,165Gd
were measured. The 163–166Eu isotopes were identiﬁed by our
group [21]. Table 2 lists the tape cycles. For the Eu isotopes, the
tape cycles were also approximately twice the half-lives, and for
Gd isotopes, a tape cycle having sufﬁcient cooling time for the
parent nuclide of Eu was adopted. The count rate for the lowest
yielded nuclide of 166Eu was 5 cps. The measuring time was 8–27 h
for each nuclide.
4. Analysis and results of Qβ
4.1. Practical analysis method
We applied a practical method to analyze the total absorption
spectra. The diagram of the procedure was shown in Fig. 6.
Fig. 5. Full-energy peak efﬁciencies of mono-energetic electrons. The solid and
broken lines show efﬁciencies of the clover Ge and of the through-type Ge
detectors, respectively. The efﬁciency for 5-MeV electrons was increased to be
about 1.2 times that of the previous detector.
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The concept to determine the Qβ without information about the
decay scheme was described in the previous paper [8], in which
the simpliﬁed decay scheme having one-component β-ray feeding
was introduced. The ﬁrst application was achieved in the mea-
sured spectrum of the total absorption BGO detector [8]. Because
the detector has high efﬁciencies for β- and γ-rays, we applied the
Fermi–Kurie plot method to the spectra of which the energy
resolution of the scintillation detector was unfolded. On the other
hand, the total absorption spectra measured with this clover Ge
detector were mixtures of γ-ray peaks and β-rays. Therefore, in this
analysis, the folding method combined with the simpliﬁed decay
scheme was applied. This method depends on the values of three
parameters, Eγ, α, and EP. As described later in detail, Eγ is the
energy level of the assumed decay scheme, α is a factor that
describes the forbiddenness of the β-ray spectrum, and EP is the
endpoint energy (EP) of the spectrum. To start the analysis, the Eγ
and α values were optimized, and then EP was determined
precisely based on the ﬁxed Eγ and α. We exemplify the analytic
procedure using the total absorption spectrum of 91Rb. 91Rb has a
well-determined Qβ, 5906 keV [22], and has a complicated decay
scheme in which many β-ray feedings and succeeding γ-rays exist.
At ﬁrst, a tentative EP (EP(tentative)) was deduced using the
root plot method [6,9]. For the present case, the EP(tentative) was
deduced to be 5680 keV.
Second, a simpliﬁed decay scheme having one β-ray feeding to
the excited state having one γ-ray de-excitation was assumed, as
shown in the inset of Fig. 7(a). The relationship between the EP
(tentative) and Eγ was
EPðtentativeÞ ¼ EγþEβ; max ð2Þ
where Eβ,max was the assumed maximum energy. The β-transition
was assumed to have two elements: the allowed transition and the
unique-type ﬁrst-forbidden transition. The mixing ratio of these
elements was deﬁned as
α¼ NUF
NallowedþNUF
ð3Þ
where N was the total count (intensity) of the β-ray spectrum and
the subscripts refer to the types of forbiddenness [8]. Based on the
Eβ,max (EP(tentative) and Eγ) and α, the theoretical β-ray spectrum
was calculated.
Third, a folded spectrum was constructed by a convolution of
response functions of mono-energetic electrons and a theoretical
β-ray spectrum. Fig. 7(a) shows a comparison between the
measured and the folded spectra. An energy region of 1 MeV
below the EP(tentative) was used for the ﬁtting region as indicated
by arrows in Fig. 7(a). In order to evaluate the degree of agree-
ment, the chi-square value (χ2) of the root plot was calculated.
χ2ðEγ;αÞ ¼ ∑
N
i ¼ 1
1
s2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CiðexpÞ
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CiðfoldedðEγ;αÞÞ
q 2
; ð4Þ
where C(exp) and C(folded) were the counts of the experimentally
measured spectrum and of the folded spectrum, respectively, and
s was the uncertainty of the square root plot of the experimental
spectrum. The summation was applied to the data points in the
ﬁtting region. Here, calculations of χ2 were carried out for
0rEγrEP/2 and 0rαr1, and the condition giving the smallest
χ2 was sought. Fig. 7(b) shows χ2 as a function of Eγ and α. For the
case of 91Rb, the smallest χ2 was obtained for Eγ¼1500 keV and
α¼0 (100% allowed transition).
Table 2
Comparisons between the measured Qβs and the calculated ones. The present (clover Ge) detector and the previous (BGO) detector values are listed in the fourth and ﬁfth
columns, respectively.
Nuclide Tape cyclea (s) T1/2 [25] (s) Qβ (keV)
Present BGO [8] AME03 [25] AME12 [22] CPT [26]
160Eu 10-0-10 38 4480 (35) 4695 (60) 4580 (200)c 4460 (10) 4459 (16)d
161Eu 60-0-60 26 3722 (35) 3705 (60) 3736 (300)c 3714 (11) 3712 (18)d
162Eu 20-0-20 10.6 5577 (35) 5585 (60) 5460 (300)c 5580 (60)
163Eu 16-0-16 6 4829 (65) 4675 (70)b 4860 (590)c 4670 (70)
164Eu 8-0-8 2 6393 (50) 6440 (70) 6440 (720)c 6440 (70)
165Eu 7-0-7 1 5729 (65) 5800 (120) 5910 (860)c 5800 (120)
166Eu 4-0-4 0.4 7322 (300) – 7800 (1000)c 7600 (670)
163Gd 120-120-120 68 3187 (40) 3150 (70) 3110 (300)c 3281 (10) 3279 (16)d
60-60-60
165Gd 20-20-20 10.3 4113 (65) – 4190 (540)c 4080 (360)
a Collection-cooling-measuring times.
b At that time, the isomer state was not identiﬁed (see text).
c These values are not measured experimentally.
d These values are calculated using the mass excesses of parent nuclides [26] and those of daughter nuclides [22].
Fig. 6. Diagram of the analyzing procedure. The procedure was based on the
folding method, in which parameters of EP, Eγ and α were neccessary to be
determined.
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Finally, the folded spectra were calculated for various EP values,
based on the determined Eγ(¼1500 keV) and α(¼0). We checked
the slope of the ratios of the folded spectrum divided by the
measured spectrum. The insets of Fig. 7(c) show the ratios. The
inset of upper right shows the ratios using the folded spectrum
having the parameterized EP of 5742 keV. The ratios indicate a
negative slope (0.003), and this trend means that the parame-
terized EP is higher than the correct solution. On the other hand,
the inset on the lower left shows a positive slope, because the
folded spectrum is based on the EP¼5682 keV, which is consid-
ered to be lower than the correct solution. Fig. 7(c) shows the
relationship between the parameterized EPs and the deduced
slopes. Data having slope¼0 were considered the most probable
solutions (measured EP). In the present case, EP¼5712 keV was
adopted. The tentative value of EPtentative¼5680 keV was consis-
tent with this value. If there was an inconsistency between the EP
and EPtentative, the analysis was carried out from the ﬁrst step.
Fig. 7(a) shows a comparison between the measured total absorp-
tion spectrum and the folded spectrum having Eγ¼1500 keV, α¼0,
and EP¼5712 keV. The folded spectrum was in good agreement
with the experimental one. The difference between the deter-
mined EP and Qβ was caused by the energy losses of the detector,
as described in the next section.
4.2. Evaluation of energy losses
The EP derived in this analysis is the energy of Qβ minus
effective energy losses of electrons caused by the aluminum
housing, the surface electrode and the dead layer of the detector.
These internal constructions were however unclear, the energy
losses were determined experimentally as follows.
In order to derive the effective energy losses and to evaluate
the reliability of the analytic procedure, the method was applied to
the measured spectra of 92–95Y, 88,91–94Rb, 138–142Cs, 139Ba, and
142,144La. Then, the EPs for these nuclei were obtained experimen-
tally. Fig. 8 shows differences between the evaluated Qβ [22] and
the measured EP. The differences were caused by the energy losses
of electrons; therefore, we deduced the energy losses as repre-
sented by the solid line. We found that the energy loss is 190 keV,
including the effects by the aluminum housing, the surface
electrode and the dead layer of the detector, for Qβs below
9 MeV. Based on the calculation using the published stopping
power data for electrons [23,24], the energy losses by the ioniza-
tion in 0.4-mmt (0.108 g/cm2) aluminum housing were evaluated
to be 158–177 keV for 1–10 MeV. Therefore, we assumed that
energy losses in the surface electrode and the dead layer of the
detector were approximately 20 keV.
Fig. 7. Qβ analysis of 91Rb. (a) Shows comparison between the measured total
absorption spectrum and the folded spectrum. The analyzing region is approxi-
mately 1 MeV below endpoint of the spectrum. The inset shows the assumed decay
scheme having one β-ray feeding. (b) Shows chi-square values as functions of Eγ
and α. (c) Shows the energy dependence of the slopes, which are deﬁned from
ratios of folded and experimentally measured spectra (see insets).
Fig. 8. Comparisons between measured EP energies and evaluated Qβs [22]. The
effective energy loss of electrons was evaluated to be 190(30) keV. The energy loss
stayed constant for the energy region of 2–9 MeV.
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In general, energy losses of electrons were caused by ionization
and radiation. However, the effect of the energy losses of ioniza-
tion is just appeared in Fig. 8, because the converted photons
emitted via the radiation process were absorbed by the clover Ge
detectors. According to the theoretical calculations, the energy
dependence of the energy loss by the ionization for 0.4 mmt
aluminum was almost ﬂat for 1–10 MeV, and the differences
between them were at most 20 keV [23,24] as described above.
The X-axis of Fig. 8 was Qβ, that is a sum value of EP and Eγ; when a
certain Qβ was pointed out, this Qβ consists of various combina-
tions of EPs and Eγs. Therefore, the energy dependence of the
energy loss was essentially included in a systematic uncertainty.
The systematic uncertainty was estimated in the next section.
In the result, the deduced Qβ and its uncertainty were calcu-
lated by the following equation:
Q β ¼ EPþEloss ð5Þ
where Eloss was the energy loss of 190 keV.
4.3. Evaluation of uncertainties
The uncertainty s of the deduced Qβ was evaluated by the
following equation:
s2 ¼ sstat2þssyst2 ð6Þ
where sstat and ssyst were the statistical uncertainty and the
systematic uncertainty, respectively. In Table 3, the principal
sources of uncertainties are summarized. We explain each uncer-
tainty in the following paragraphs.
Each data point of the spectrum showed statistical ﬂuctuation.
This ﬂuctuation affected the uncertainty of the EP. We deﬁned this
uncertainty as the statistical uncertainty (sstat). In order to
estimate the sstat, a procedure using a ﬁctional spectrum produced
by random numbers was used. Here, the counts of the ﬁctional
spectrum C(ﬁctional) were produced with the following equation:
CiðfictionalÞ ¼ CiðexpÞþGðsiðexpÞ;RndÞ; ð7Þ
where Ci(exp) and si(exp) were the counts of the measured total
absorption spectrum and its statistical uncertainties, respectively,
as a function of each channel i. G(s, Rnd) was the function to
calculate the statistical ﬂuctuations, which were calculated using a
random number (Rnd) based on a Gaussian distribution having a
standard deviation of s(exp). The ﬁctional spectrum obtained with
Eq. (7) was analyzed by means of our analytic method as described
above, and the EP of the ﬁctional spectrum was deduced. The
analysis was iterated to the independently-created ﬁctional spec-
tra, and the corresponding EPs were obtained. Then, the sstat of the
measured EP was estimated from the standard deviation of the
obtained EPs.
The systematic uncertainty of the present analytic procedure
was composed of two principal sources: one is the uncertainty of
the simpliﬁed decay scheme, and the other is the response
functions of electrons. In a previous paper [8], we examined the
effect of the simpliﬁcation of the decay scheme on the uncertainty
of Qβ as follows. We considered the ambiguities of various β-ray
components, for which the maximum energies and forbiddenness
were unknown. Then, we found that this simpliﬁcation gave an
uncertainty of at most 20 keV for the ideal total absorption spectra
[8]. This result was also applied to the present analytic procedure,
in which a simpliﬁed decay scheme was assumed.
The uncertainty of the ﬁtted response functions of electrons,
that was the other principal source of the systematic uncertainty,
was derived by the following procedure. First, radioactive source
distributions having ideal β-ray spectra were input to the simula-
tion code GEANT4 [18], and the responses of the clover Ge detector
were simulated. Second, the obtained spectra were analyzed by
the folding method. The inset of Fig. 9 shows an example for Qβ of
5 MeV. The folded spectrum was in good agreement with the
simulated spectrum. Then, the analytic results, namely the differ-
ences between the obtained and assumed Qβs, are shown in Fig. 9.
The differences were few keV around Qβ¼5 MeV and less than
20 keV around Qβ¼2 MeV and 8–10 MeV. Finally, from these facts,
we estimated that the uncertainty of the response functions was
less than 20 keV.
Considering uncertainties of 20 keV (simpliﬁcation) and less
than 20 keV (response function), the systematic uncertainty (ssyst)
was estimated to be 30 keV. This value was consistent with
experiments. In Fig. 8, experimental data deviated from the solid
line within a 30-keV range. This range shows the systematic
uncertainty of the present analytic procedure. The discrepancies
of outlying nuclei of 143La, 144La and 94Rb were considered to be
due to their inadequate statistics for sstat.
4.4. Qβ determination of
160–166Eu and 163,165Gd
The analytic procedure described above was applied to the
measured total absorption spectra of 160–166Eu and 163,165Gd, and
the Qβs were deduced with uncertainties of 35–300 keV. They are
summarized in Table 2. Here, we show the new results for 165Gd,
166Eu, and 163Eu. Square root plots of 165Gd, 166Eu, and 163Eu are
shown in Fig. 10(a), (b), and (c), respectively. If the data points had
negative values after background subtractions, square-root opera-
tions of absolute values were calculated and then the data points
were plotted on the negative axis.
For 165Gd, as shown in Fig. 10(a), the present analytic procedure
performed just as well as the conventional one, and the folded
spectrum was in good agreement with the measured one in the
ROI. The deduced Qβ of 165Gd was 4113(65) keV. The observed
Table 3
Principal sources of uncertainties in determining Qβ.
Principal sources of uncertainties Values
Systematic uncertainties: ssyst 730 keV
¼(202þ(o20)2)1/2
One-component approximation (decay scheme) 720 keV
Response function for electrons o20 keV
Statistical uncertainties: sstat 720 keV7300 keV
Fig. 9. Differences between the deduced Qβs and the assumed ones. In order to
evaluate the uncertainties of the response functions, the β-ray spectra of assumed
Qβs were analyzed by the present method. The evaluated uncertainty based on the
response function for electrons was estimated to be less than 20 keV. The inset
shows an example for Qβ¼5 MeV.
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γ-ray peaks in the energy region below ROI correspond to energy
levels in the daughter nuclide.
For 166Eu, as shown in Fig. 10(b), sufﬁcient statistics to reduce
ﬂuctuations were not obtained within 1 MeV below the EP. There-
fore, a wider ﬁtting region from 4000 keV to 7000 keV was used as
the ROI. Because the present method was based on the response
function for electrons and on the theoretical β-ray shape, longer
ﬁtting regions could be applied than with the root plot method [9].
The folded spectrum was in good agreement with the data points
in the ROI, within their statistical uncertainties. The deduced Qβ of
166Eu was 7322(300) keV.
For 163Eu, the measured spectrum could not be reproduced by a
single-component β-ray spectrum, as shown in Fig. 10(c). The
reason for this was the existence of an isomeric state of 137.8 keV
in 163Gd, which was found for the ﬁrst time using the total
absorption clover detector. In the present analysis, we considered
two β-ray components for the folded spectrum. In Fig. 10(c), the
solid and dashed lines show folded spectra having EP¼Eβ,maxþEγ
and EP¼Eβ,maxþEγ137.8 keV, respectively. For most of the spec-
trum, the dashed line having EP¼Eβ,maxþEγ137.8 keV repro-
duced well the experimental data points. On the other hand, in
the spectrum around the Qβ, the solid line showed good agree-
ment. According to the total counts of these folded spectra,
intensity of sum of the β-ray feeding to the isomer state and of
γ-rays depopulating via the isomer state was approximately 90%.
The ﬁnding indicates that our detector can determine the Qβ when
there are components having the end-points equivalent to the Qβ
with intensity of 10% (In Fig. 10(c), the intensity of the solid line is
approximately 10%). The Qβ of 163Eu was deduced from the
β-feeding to the isomeric state (dashed line) by adding 137.8 keV
to the EP and was then determined to be 4829(65) keV. In our
previous measurement using the total absorption BGO detector,
the isomeric state was not identiﬁed because the detector's energy
resolution was insufﬁcient. The difference between the present Qβ
and the previous value of 4690(70) [8] was consistent with the
energy of the isomeric state.
4.5. Isomer identiﬁcation in 163Gd
It is important to identify isomeric states because β-rays fed to
isomeric states are not simultaneously absorbed with succeeding
γ-rays (isomeric transitions). The present detector has high energy
resolution for γ-ray peaks; therefore, precise analysis for low-lying
isomeric states could be carried out. When our detector was
operated in add-back mode, γ-rays were summed with β-rays,
and γ-ray peak counts were reduced. On the other hand, the γ-ray
peaks corresponding to the isomeric transitions were enhanced in
the total absorption spectrum. Below, we describe a newly
identiﬁed isomeric state of 137.8 keV (T1/2¼23.5(10) s) for 163Gd.
Fig. 11 shows the decay curves of the 163Gd measurements. The
214.0 keV and 373.4 keV are well known γ-rays of 163Gd, and their
half-lives are 68 s [22,25]. This value is consistent with the
reported ones. On the other hand, the half-life of 137.8 keV was
Fig. 10. Total absorption spectra of (a) 165Gd, (b) 166Eu and (c) 163Eu measured with
the clover detector. To analyze the endpoint energies, the folding method was
applied with the ROI in the spectrum (see text).
Fig. 11. Decay curve of a new isomeric state of 137.8 keV (T1/2¼23.5(10) s) in 163Gd
compared with known levels of 214.0 keV and 137.4 keV.
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23.5 (10) s. This value is different from the half-life of 163Gd. As
described in Section 4.3, the result of isomer identiﬁcation was
reﬂected to the Qβ analysis of 163Eu.
Here, we additionally presented the example to explain the
ability of the clover Ge detector for identiﬁcation of the isomer.
Fig. 12 shows the simulated total absorption spectra in which the
decay scheme shown in the inset of Fig. 12(a) was assumed. The
result of the clover Ge detector is shown in Fig. 12(a). The folded
spectrum, in which β-ray feeding to the ground state is applied, is
in good agreement with the simulated one in the high-energy
region. On the other hand, in the energy region below 4500 keV,
the folded spectrum is not in agreement with the simulated one.
In this way, when the nuclei of interest assumed an isomer
state, the present detector can successfully identify the state.
Fig. 12(b) shows the result of the total absorption BGO detector,
and the inset shows a Fermi–Kurie plot of the spectrum. Owing to
the limitation of the energy resolution, the endpoint of the
simulated spectrum became higher than 5 MeV. Thus, we
unfolded the energy resolution, and the unfolded spectrum was
analyzed by Fermi–Kurie plot. As shown in the plot, it was difﬁcult
to identify the low-lying isomeric state using the total absorption
BGO detector.
5. Discussion
As summarized in Table 1, the energy resolution of the BGO
detector is not so good to identify the low-lying isomeric states. On
the other hand, the through-type Ge detector has low detection
efﬁciencies for γ-rays. These drawbacks were improved by the
present clover Ge detector. The systematic uncertainty of the
present detector was 730 keV. For the use of new isotope
measurements, this value was sufﬁciently precise. The detection
efﬁciency of the total absorption detector was about 100 times
larger than the conventional β–γ coincidence method, demonstrat-
ing that our detector, which achieves good energy resolution and
high efﬁciency, is capable of new isotope measurements. This fact
means that the total absorption detector becomes a powerful tool
for indirect measurements of the nuclear masses.
In Table 2, the present Qβswere compared with those measured
with the total absorption BGO detector [8]. The uncertainties of
the present values are smaller than those of the previous values.
The minimum uncertainty of the present detector was approxi-
mately 35 keV. This value was composed of ssyst of 30 keV and
sstat of approximately 20 keV. On the other hand, the minimum
uncertainties of the total absorption BGO detector [8] were about
60–70 keV.
The present Qβs were in good agreement with the previous
values. The Qβs of 165Gd and 166Eu were determined for the ﬁrst
time. The present values are much more precise than those of the
AME12 [22] (atomic mass evaluation 2012) and AME03 [25]. The
values in the AME03 were based on a prediction in which our data
were not included. The uncertainties of the predicted values were
about 200–1000 keV, and these values were much larger than the
measured values. After the publication of AME03, our values
measured with the total absorption BGO detector [8] were adopted
in the AME12.
Recently, using the Canadian Penning Trap (CPT), Schelt et al. [26]
reported mass excesses in the neutron-rich region. It is important to
check the Qβs using different measurement methods. To compare
these values with our Qβs, Qβs were calculated using the reported
mass excesses of parent nuclei [26] and those of daughter nuclei [22].
In Table 1, the Qβs of 160Eu and 161Eu based on the CPT were in good
agreement with our present values. Schelt et al. [26] pointed out the
discrepancies of 160Eu between their value and the Qβ measured by
the total absorption BGO detector [8]. In the previous analysis of
160Eu, it is possible that subtractions of the contamination were not
appropriate. On the other hand, the value of 163Gd based on the CPT
showed disagreement; namely, their Qβ was 3279(16) keV, which
was 92 keV larger than our value. As noted in this paper, an isomeric
state of 137.8 keV exists in 163Gd. It is possible that the reported mass
excess of 163Gd is that of 163mGd. More detailed studies on 163mGd are
expected.
6. Conclusion
A total absorption detector composed of a clover Ge detector
and BGO suppressors was improved upon. In order to deduce
precise Qβs, a practical analytic method based on the folding
method was also proposed. Our method, with a systematic
uncertainty of 730 keV, worked well for analyzing the spectra
of neutron-rich isotopes. Our detector was applied to measure Qβs
of nuclei produced with 238U(p, f) reaction. The Qβs of 166Eu and
165Gd were determined for the ﬁrst time. The present detector
could deduce Qβs more precisely than the previous BGO detector;
namely, Qβs of 160–165Eu and 163Gd were deduced with uncertain-
ties of 35–65 keV. The isomeric state of 163Gd was newly
Fig. 12. Simulated spectra of certain nuclei having an isomeric state of 140 keV. (a) Shows the simulated spectrum assuming the clover Ge detector. The solid line shows the
folded spectrum. (b) Shows the simulated spectrum assuming the BGO detector. The inset of (b) shows the Fermi–Kurie plot.
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determined by the γ-ray analysis and this result was reﬂected for
precise Qβ analysis of 163Eu.
In conclusion, we improved upon a new total absorption
detector that is useful for decay spectroscopy, and measured the
Qβs of neutron-rich nuclei far from the stability line.
Acknowledgments
The authors would like to thank the members of the tandem
accelerator staff at JAEA for providing intense and stable beams.
The authors are grateful to Dr. Y. Kojima for his valuable discus-
sion. The present report is a result of the “Study on nuclear data
using a high-intensity pulsed neutron source for advanced nuclear
systems” entrusted to Hokkaido University by the Ministry of
Education, Culture, Sports, Science and Technology of Japan
(MEXT).
References
[1] J. Mendoza-Temis, I. Morales, J. Barea, A. Frank, J.G. Hirsch, J.C. Lopez Vieyra,
P. Van Isacker, V. Velázquez, Nuclear Physics A 812 (2008) 28.
[2] H. Gausemel, K.A. Mezilev, B. Fogelberg, P. Hoff, H. Mach, E. Ramström,
Physical Review C 70 (2004) 037301.
[3] B. Fogelberg, K.A. Mezilev, H. Mach, V.I. Isakov, J. Slivova, Physical Review
Letters 82 (1999) 1823.
[4] M. Grafenstedt, P. Jürgens, U. Keyser, F. Münnich, F. Schreiber, K. Balog,
T. Winkelmann, H.R. Faust, B. Pfeiffer, Zeitschrift für Physik A 336 (1990) 247.
[5] M. Groβ, P. Jürgens, U. Keyser, S. Kluge, M. Mehrtens, S. Müller, F. Münnich,
J. Wuldd, H.R. Faust, Nuclear Instruments and Methods A 311 (1992) 512.
[6] M. Shibata, Y. Kojima, H. Uno, K. Kawade, A. Taniguchi, Y. Kawase, S. Ichikawa,
F. Maekawa, Y. Ikeda, Nuclear Instruments and Methods A 459 (2001) 581.
[7] H. Hayashi, Y. Akita, O. Suematsu, M. Shibata, M. Asai, T.K. Sato, S. Ichikawa,
I. Nishinaka, Y. Nagame, A. Osa, K. Tsukada, T. Ishii, Y. Kojima, A. Taniguchi,
European Physical Journal A 34 (2007) 363.
[8] H. Hayashi, Y. Kojima, M. Shibata, K. Kawade, Nuclear Instruments and
Methods A 613 (2010) 79.
[9] H. Hayashi, M. Shibata, I. Miyazaki, O. Suematsu, Y. Kojima, K. Kawade,
A. Taniguchi, Nuclear Instruments and Methods A 606 (2009) 484.
[10] G. Duchêne, F.A. Beck, P.J. Twin, G. De France, D. Curien, L. Han, C.W. Beausang,
M.A. Bentley, P.J. Nolan, J. Simpson, Nuclear Instruments and Methods A 432
(1999) 90.
[11] B. Rubio, W. Gelletly, E. Nácher, A. Algora, J.L. Taín, A. Pérez, L. Caballero,
Journal of Physics G: Nuclear and Particle Physics 31 (2005) S1477.
[12] C.L. Duke, P.G. Hansen, O.B. Nielsen, G. Rudstam, Nuclear Physics A 151 (1970)
609.
[13] R.G. Helmer, R.C. Greenwood, K.D. Watts, M.H. Putnam, Nuclear Instruments
and Methods A 339 (1994) 189.
[14] J.L. Tain, D. Cano-Ott, Nuclear Instruments and Methods A 571 (2007) 719.
[15] D. Cano-Ott, J.L. Tain, A. Gadea, B. Rubio, L. Batist, M. Karny, E. Rockl, Nuclear
Instruments and Methods A 430 (1999) 448.
[16] D. Cano-Ott, J.L. Tain, A. Gadea, B. Rubio, L. Batist, M. Karny, E. Rockl, Nuclear
Instruments and Methods A 430 (1999) 333.
[17] A. Kimura, M. Koizumi, Y. Toh, J. Goto, M. Ohshima, Proceedings of the
international conference on Nuclear Data for Science and Technology 2007,
April 22-27, Nice, France, 587, 2008.
[18] S. Agostinelli, et al., Nuclear Instruments and Methods A 506 (2003) 250.
[19] S. Ichikawa, M. Asai, K. Tsukada, H. Haba, Y. Nagame, M. Shibata, M. Sakama,
Y. Kojima, Physical Review C 71 (2005) 067302.
[20] A. Osa, S. Ichikawa, M. Matsuda, T.K. Sato, S. Jeong, Nuclear Instruments and
Methods B 266 (2008) 4394.
[21] T.K. Sato, A. Osa, K. Tsukada, M. Asai, H. Hayashi, Y. Kojima, M. Shibata, S.
Ichikawa, JAEA-Review 2006-029, JAEA-Tokai TANDEM Annual Report 2005,
31, 2006.
[22] M. Wang, G. Audi, A.H. Wapstra, et al., Chinese Physics C 36 (2014) 1603.
[23] RCRU report 37, ISBN 0-913394-31-9, pp. 76–79, 1984.
[24] L. Pages, E. Bertel, H. Joffre, et al., Atomic Data 4 (1972) 1.
[25] G. Audi, A.H. Wapstra, C. Thibault, Nuclear Physics A 729 (2003) 337.
[26] J. Van Schelt, D. Lascar, G. Savard, et al., Physical Review C 85 (2012) 045805.
H. Hayashi et al. / Nuclear Instruments and Methods in Physics Research A 747 (2014) 41–51 51
